To explore the adaptation mechanisms of Kandelia candel (L.) Druce in response to daily flooding, a large-scale quantitative lysine acetylome was carried out using immunoaffinity enrichment of Lys-acetylated peptides and liquid chromatography linked to tandem mass spectrometry. A total of 1041 lysine acetylation (LysAc) sites, 1021 Lys-acetylated peptides and 617 Lys-acetylated proteins were identified. Six conserved sequence motifs of the LysAc sites, including a new motif KxxxxK, were detected. Among these proteins, 260 were differentially acetylated in response to flooding, which were preferentially predicted to participate in carbon metabolism and photosynthesis pathways based on KEGG pathway category enrichment analysis. Consistently, the transcriptional level of acetyltransferase and the consumption of acetyl-CoA were up-regulated under flooding conditions. Most of physiological parameters and mRNA expression levels related to carbon metabolism and photosynthesis were found to be insignificantly affected by flooding. Taken together, reversible protein LysAc is likely to be a post-translational mechanism contributing to the mangrove K. candel's adaptation to daily flooding.
Introduction
Post-translational modifications (PTMs) are complex and important regulatory mechanisms for a broad array of eukaryotic and prokaryotic physiological functions. Protein lysine acetylation (LysAc), a ubiquitous and reversible PTM, was first reported in histones (Phillips 1963) , mainly regulating gene transcription and expression by the catalysis of histone acetyltransferases and histone deacetylases in the nucleus Workman 2007, Yang and Seto 2008) . Recent reports have found that LysAc catalyzed by Lys-acetyltransferase and Lys-deacetylase, also occurs in non-histone proteins and plays important roles in many diverse biological processes in most cellular compartments (Choudhary et al. 2009 , Albaugh et al. 2011 , Nallamilli et al. 2014 , Xiong et al. 2016 ).
In the past decade, LysAc of mammalian and microbial proteins with known biological functions and subcellular localizations have been widely reported (Altmanprice and Mevarech 2009 , Choudhary et al. 2009 , Zhang et al. 2009 , Henriksen et al. 2012 . Only recently, increasing investigations of LysAc proteins in plants have discovered its prevalence in many plant species such as Arabidopsis (Arabidopsis thaliana) (Finkemeier et al. 2011 , Wu et al. 2011 , grape (Vitis vinifera) (Melo-Braga et al. 2012) , soybean (Glycine max) (Smith-Hammond et al. 2014) , rice (Oryza sativa) (Nallamilli et al. 2014 , Xiong et al. 2016 ) and strawberry (Fang et al. 2015) . For example, 64 LysAc sites in 57 acetylated proteins (Wu et al. 2011 ) and 91 LysAc sites in 74 proteins (Finkemeier et al. 2011 ) with diverse functional classes were identified in Arabidopsis by immunoaffinity enrichment using † These authors contributed equally.
polyclonal anti-LysAc antibodies and liquid chromatography/ mass spectrometry (LC/MS); 138 LysAc sites in 91 proteins were detected in grape (Melo-Braga et al. 2012) . Furthermore, with the development of proteomic profiling technology, a total of 243 LysAc sites in 120 acetylated mitochondrial proteins in Arabidopsis (König et al. 2014) , 400 LysAc sites in 245 acetylated proteins in developing soybean seeds (Smith-Hammond et al. 2014) , 776 LysAc sites in 513 proteins in Synechocystis sp. PCC 6803 (Mo et al. 2015) , 1392 LysAc sites in 684 proteins in strawberry (Fang et al. 2015) , 1337 LysAc sites in 716 proteins in rice seedlings (Xiong et al. 2016 ) and 636 Lysacetylated sites in 353 proteins in Brachypodium distachyon (Zhen et al. 2016) were identified by high accuracy LC-MS/MS using samples enriched for LysAc proteins. These LysAc proteins were shown to be involved in diverse cellular processes, including gene expression, RNA metabolism, stress response, photosynthesis, protein metabolism, and carbohydrate transport and metabolism Poirier 2012, Grabsztunowicz et al. 2017) . The key metabolic proteins in photosynthesis (e.g., photosystem II (PSII) subunits and Rubisco large and small subunits), glycolysis (e.g., glyceraldehyde 3-phosphate dehydrogenase) and tricarboxylic acid (TCA) cycle (e.g., malate dehydrogenase) were all regulated through LysAc and deacetylation (Wang et al. 2010 , Finkemeier et al. 2011 , Wu et al. 2011 . Hence, LysAc could be important in the regulation of growth and development in addition to stress responses in plants.
Flooding can cause energy deficiency or even death in plants (Mommer et al. 2005 , Mielke and Schaffer 2010 , Gautam et al. 2015 . Kandelia candel (L.) Druce is an important mangrove species that grows in coastal areas of tropical and subtropical intertidal regions. These trees are flooded daily for 3-10 h (average 6 h per day), during which time they grow normally (Chen et al. 2004 , Ye et al. 2010 ). In addition, flooding can trigger a series of photosynthetic and physiological responses of K. candel seedlings (Chen et al. 2005) . As a result, this species has an adaptive mechanism to cope with the daily flooding conditions. Recent transcriptome and proteome studies in K. candel under various stresses paved the way for examining how PTMs participate in the regulation of mangrove plants metabolism to enhance flood tolerance , Weng et al. 2013 . To the best of our knowledge, this work is the first investigation of the lysine acetylome of flooding tolerance in K. candel leaves. These findings will expand our knowledge on LysAc-dependent metabolic regulation of proteins in woody plants and provide novel insights into how K. candel seedlings survive the daily flooding of seawater.
Materials and methods

Plant materials and treatments
Healthy and mature propagules of K. candel were collected from Zhangjiang River Estuary in Yunxiao County (23°55″N, 117°26″E), Zhangzhou, Fujian, China. Since K. candel is a salt-tolerant species that grows best in 12‰ seawater , the propagules of similar sizes were chosen to be cultivated in sand in rectangular plastic trays (30 cm × 42 cm × 14 cm) containing 0.75 l Hoagland solution with 12‰ (m/v) artificial sea salt (Fuzhou Xinrong Chemical Co. Ltd, Fujian, China) under greenhouse conditions with air temperature of 27-32°C, natural sunlight and relative humidity of 80%. The propagules were watered with 12‰ (m/v) artificial seawater every day in order to maintain 80% humidity, and water was added periodically to maintain the salt concentration of the artificial seawater to 12‰. The Hoagland solution containing 12‰ (m/v) artificial sea salt was renewed every 3 days until two leaves had fully expanded. Subsequently, the seedlings with one pair of expanded leaf blades were treated without (Control) or with flooding for 6 h (Flooding) in 12‰ artificial seawater. Flooding treatments were done in such a way that the water level was 5 cm high above the seedling. Three independent experiments were treated in this manner. After that, a pair of leaf blades was harvested, directly frozen in liquid nitrogen and stored at −80°C until use.
Protein extraction and tryptic digestion
The leaves (3 g) were ground into powder in liquid N 2 , and the powder was homogenized in precooled extraction buffer (100 mmol l −1
Tris-HCl pH 8.0, 50 mmol l −1 L-ascorbic acid, 100 mmol l −1 KCl,
X-100, 2% (v/v) β-mercaptoethanol and 1 mmol l −1 phenylmethanesulfonyl fluoride). Equal volume of Tris-buffered phenol (pH 8.0) was added to the homogenate, and centrifuged at 5500g and 4°C for 10 min. The phenol phase was transferred to a new tube. The proteins in the phenol phase were precipitated with six volumes of ice-cold 0.1 mmol l −1 ammonium acetate/ methanol and kept at −20°C overnight. After centrifugation at 20,000g and 4°C for 20 min, the precipitate was suspended and washed once with ice-cold methanol, then twice with ice-cold acetone solution containing 0.07% (v/v) β-mercaptoethanol. After centrifugation at 20,000g and 4°C for 20 min, the precipitate was air-dried at −20°C. The air-dried precipitate was redissolved in Urea Lysis Buffer (8mol l −1 urea, 100 mmol l −1 NH 4 HCO 3 , pH 8.0), and the protein concentration was measured using the Bradford method (Bradford 1976) . The protein solution (containing 6 mg protein) was reduced with 10 mmol l −1 dithiothreitol at 37°C for 2.5 h, followed by treatment (for alkylation) with 50 mmol l −1 iodoacetamide at room temperature for 30 min with light avoidance. Subsequently, the resulting protein solution was diluted with about five volumes of ultrapure water in order to maintain a urea concentration of 1.5 mol l −1
. For tryptic digestion, the protein sample was incubated at 37°C for 18 h, after which trypsin (V5113, Promega, Madison, WI, USA) was added in 1:50 (enzyme:protein) ratio. The peptides were cleaned with Sep-Pak SPE C18 (WAT051910, Waters, Milford, MA, USA) and completely dried for enrichment of Lys-acetylated peptides or stored at −80°C until use.
Enrichment of Lys-acetylated peptides
The immunoaffinity enrichment of Lys-acetylated peptides was carried out as described previously with minor revisions (Finkemeier et al. 2011 , Zhang et al. 2013 . The trypsin-digested peptides were redissolved in ice-cold IAP Buffer (50 mmol l −1 MOPS/NaOH pH 7.2, 10 mmol l −1 Na 2 HPO 4 , 50 mmol l −1 NaCl), incubated with prewashed Anti-Acetyl-Lysine antibody beads (PTMScan ® AcetylLysine Motif (Ac-K) Kit, Cell Signal Technology, Inc., Beverly, MA, USA) at 4°C for 1.5 h, and centrifuged at 2000g for 30 s, after which the supernatant was discarded. The resulting Anti-AcetylLysine antibody beads were washed three times with IAP Buffer and three times with ultrapure water. The bound peptides were eluted twice with 0.15% (v/v) trifluoroacetic acid at room temperature for 10 min. After centrifugation at 2000g for 30 s, the supernatant containing Lys-acetylated peptides was dialyzed with C18 STAGE Tips (Thermo Scientific, San Jose, CA, USA) before LC-MS/MS analysis.
Liquid chromatography linked to tandem mass spectrometry (LC-MS/MS) analysis
An LC-MS/MS analysis was applied to identify the enriched Lysacetylated peptides. The peptides were separated through an EASY-nLC 1000 nano HPLC system (Thermo Scientific). The dialyzed supernatant was loaded on a reversed-phase C18 column (Thermo EASY column SC001 traps 150 μm × 20 mm), and separated at a constant flow rate of 300 nl min −1 for 240 min on a reversed-phase C18 analytical column (Thermo EASY column SC200 150 μm × 100 mm) that was equilibrated with 100% solution A (0.1% (v/v) formic acid in 2% (v/v) acetonitrile). The gradient for MS analysis is as follows: started from 0% to 55% solution B (0.1% (v/v) formic acid in 84% (v/v) acetonitrile) for 220 min (from 0 to 220 min), from 55% to 100% solution B for 8 min (from 220 to 228 min), then stayed at 100% solution B for 12 min (from 228 to 240 min). For MS analysis of the separated peptides, an Orbitrap Q-Exactive mass spectrometer (Thermo Finnigan, Schaumburg, IL, USA) was used to detect the peptides in positive ion mode for 240 min. The ions were detected using the survey scan ranged from 350 to 1800 mass/charge (m/z), in which the parent ions were detected at a resolution of 70,000 at m/z 200 on the Q-Exactive. The fragment ions were detected using full scan at a resolution of 17,500 at m/z 200 and High-energy Collisional Dissociation (HCD) MS/MS mode. The top 20 fragment MS data were collected in the full scan.
Bioinformatics database search
The MaxQuant software with the integrated Andromeda search engine (version 1.3.0.5) was used to analyze the MS/MS datasets. The software parameters were described as follows: the database was set as P15298_Candel_Unigene.fasta (In-house Version, see Table S1 available as Supplementary Data at Tree Physiology Online) concatenated with a reverse decoy database; the cleavage enzyme was trypsin; four missed cleavages, 6 ppm main search, and 20 ppm MS/MS tolerance were set; carbamidomethyl of cysteine (C) was set as the fixed modification; oxidation of methionine (M), acetylation of protein N-term and acetylation of Lys (K) were set as variable modifications; the false discovery rate of both peptide and protein was set at 0.01; and the minimum peptide length was set at seven amino acids. To obtain high-confidence results, Lys-acetylation sites with localization probability of >0.75 were collected.
To identify the corresponding protein for each acetylated peptide, each acetylated peptide was searched against K. candel data (P15298_Candel_Unigene.fasta). The functional annotation and classification of all identified acetylated proteins were performed using the Clusters of Orthologous Group (COG) database (Luo et al. 2015) . Gene ontology (GO) annotation of acetylated proteins was performed using Blast2GO (Götz et al. 2008 ). In the case where the functional descriptions of some acetylated proteins were not obtained using the Blast2GO, the functional descriptions were annotated using the InterProScan program (Quevillon et al. 2005) . Gene ontology annotations were classed into three categories including biological process, cellular compartment and molecular function. Additionally, Kyoto Encyclopedia of Genes and Genomes (KEGG) was one of the databases used for generating pathway maps. The KEGG pathway annotations were carried out for differentially acetylated proteins using the KEGG Automatic Annotation Server (Kanehisa et al. 2012) . With all identified acetylated proteins as the background and with the KEGG pathway as the unit, the KEGG pathway enrichment analysis was carried out through the Fisher's Exact Test (P-value <0.05) to identify the KEGG pathways that were significantly enriched in the differentially expressed proteins.
The Motif-X server (http://motif-x.med.harvard.edu/) was employed to determine the sequence motifs in all the identified acetylated peptides (Chou and Schwartz 2011) . Ten amino acids flanking each side of the identified acetylation sites were extracted from the protein sequences using the Motif-X online software. The multimer length was set at a 21-amino-acid window; the minimum occurrence was 50; the significance threshold was set at 0.00018; the IPI Arabidopsis proteome was used as the background data, while the other parameters were set at default values.
Assays of physiological and biochemical parameters in carbon metabolism and photosynthesis ATP content, acetyl-coenzyme A (acetyl-CoA) content, as well as the activities of pyruvate dehydrogenase (PDH), citrate synthase (CS), isocitrate dehydrogenase (ICDH), 2-oxoglutarate dehydrogenase (OGDH), malate dehydrogenase (MDH), glyceraldehyde 3-phosphate dehydrogenase (GAPDH), alcohol dehydrogenase (ADH), lactate dehydrogenase (LDH) and 6-phosphogluconate dehydrogenase (6PGDH) were determined using commercial reagent kits from Suzhou Comin Biotechnology Co., Ltd (Suzhou, China) according to the manufacturer's instructions.
Tree Physiology Online at http://www.treephys.oxfordjournals.org Net photosynthetic rates (Pn) of the first leaf were measured using a portable gas exchange measurement system (Li-6400 Portable Photosynthesis System, Li-Cor, Lincoln, NE, USA) following the protocol described by Kim et al. (2007) . Additionally, after the 10 plants were dark-adapted for 30 min at room temperature, the maximum photochemical efficiency of PSII of the first leaf was determined as relative variable chlorophyll fluroescence (F v /F m ) using a portable chlorophyll fluorescence parameter measurement system (Li-6400, LiCor) according to the manufacturer's protocol (Evans and Santiago 2014) . After the actual light intensity was set, the actual photochemical efficiency of PSII (Φ PSII ) from the same leaf was measured using the same system. According to the previous protocol (Lichtenthaler 1987) , the chlorophyll from the first leaf was extracted in 80% acetone (incubated for 24 h in the dark at room temperature) and the absorbance of the extracts were measured at 470, 645 and 663 nm wavelengths. Moreover, ribulose-1,5-bisphosohate carboxylase/ oxygenase (Rubisco) activity was measured using a Plant Rubisco ELISA Kit from Shanghai Enzyme-linked Biotechnology Co., Ltd (Shanghai, China) in accordance with the manufacturer's protocol. Rubisco activase (RCA) activity assay was performed using a plant Rubisco activase activity assay kit (Genmed Scientific Inc., Arlington, MA, USA) according to the manufacturer's protocol. In all the enzyme activity assays in this study, total protein contents were measured in accordance with the Bradford method (Bradford 1976) .
RNA isolation and real-time quantitative polymerase chain reaction (RT-qPCR) analysis
Total RNA from three independent biological replicates of the Control and the Flooding groups were separately extracted using TaKaRa MiniBEST Plant RNA Extraction Kit (TaKaRa, Tokyo, Japan). Genomic DNA was removed using gDNA Eraser at 42°C for 2 min. One μg total RNA was used to synthesize cDNA by using the TaKaRa Reverse Transcriptase kit reagents. RT-qPCR of 24 genes was performed in a CFX Connect TM (Bio-Rad) platform using the TaKaRa SYBR Premix Ex Taq TM Kit according to the manufacturer's instructions with Actin as reference. The primers were designed based on K. candel transcriptome data via Primer Premier 5.0 (see Table S2 available as Supplementary Data at Tree Physiology Online). The relative mRNA expression level of each gene was quantified using the 2 −ΔΔCt method (Livak and Schmittgen 2001) .
Statistical analysis
For each experiment, the results were shown as mean ± standard deviation (SD) from at least three independent biological replicates. Statistical significance analysis between the control and flooding was determined by Student's t-test (P < 0.05).
Results
Proteome-wide analysis of LysAc sites in K. candel leaves
To determine the Lys-acetylome in K. candel leaves, a proteomewide method based on affinity enrichment and LC-MS/MS was applied to detect the LysAc sites. In total, 1041 LysAc sites, 1021 acetylated peptides and 617 proteins were identified in the study (see Tables S3-S5 available as Supplementary Data at Tree Physiology Online). Most of the 1021 identified peptides were 7-16 amino acids in length, an additional 11.6% were longer than 16 amino acids ( Figure 1A ). Among the identified proteins, there were 385 acetylated proteins (62.3%) with one LysAc site, 114 (18.4%) with two LysAc sites, 61 (9.9%) with three LysAc sites, 28 (4.5%) with four LysAc sites and 30 (4.9%) with five or more LysAc sites ( Figure 1B ). Based on COG functional classification ( Figure 1C ), many of the 617 LysAc proteins are involved in carbohydrate metabolism (46, 7.5%), energy production and conversion (67, 10.9%), protein turnover and chaperones (60, 9.7%), amino acid transport and metabolism (31, 5.0%), and translation, ribosomal structure and biogenesis (77, 12.5%). Majority of the proteins involved in energy and carbohydrate metabolism were enzymes of the glycolysis pathway, TCA cycle, pentose phosphate pathway (PPP) and photosynthesis (see Table S6 available as Supplementary Data at Tree Physiology Online).
Motif analysis of LysAc sites in K. candel leaves
The Motif-X software was applied to search for the conserved sequence motifs around LysAc sites in all the identified Lysacetylated peptides. All six conserved sequence motifs of the LysAc sites with a Motif Score >10 in K. candel were confidently identified with 10 amino acids upstream and 10 amino acids downstream of acetylated lysine (K) ( Table 1 ). The residues in the upstream and downstream of the acetylated K were rich in glutamate (E), arginine (R) and K. Of these, K was detected in both the upstream and downstream regions of the LysAc site, E was located at the −1 positions of the LysAc site and R was located at the +1 positions of the LysAc site.
Lys-acetylated proteins in response to flooding in K. candel leaves
The LysAc level of 260 Lys-acetylated proteins were found to be differentially changed >1.5-fold or <0.67-fold in response to flooding (see Table S7 available as Supplementary Data at Tree Physiology Online). Proteins with up-regulated LysAc levels were about three times more than those with down-regulated LysAc levels. Based on protein functions, 66 (25.4%) proteins were enriched in carbon metabolism and photosynthesis pathways in response to flooding (see Table S7 available as Supplementary Data at Tree Physiology Online). The LysAc levels of many of these proteins with P < 0.05, such as the PSII family protein (PS2FP), ribulose bisphosphate carboxylase/ Tree Physiology Volume 38, 2018
oxygenase activase 1 (RCA1), PDH, GAPDH, ATP synthase (ATPase) and the acetyltransferase-related family protein (AT), were significantly up-regulated in flooding-responsive K. candel leaves, but 6PGDH was obviously down-regulated (Table 2) . To better understand the functions of the LysAc proteins in the flooding-responsive K. candel leaves, the GO functional classification of the differentially acetylated proteins in the LysAc level was conducted in terms of biological processes, molecular functions and cellular components (Figure 2 ). Based on biological processes, 152 out of 260 Lys-acetylated proteins were involved in metabolic processes, 130 in cellular processes, and 112 in single-organism processes. With respect to molecular functions, the majority of the proteins (119 proteins) were predicted to have catalytic activity, and 88 had binding activity. In regard to cellular components, 115 proteins were located in the cell wall or cell envelope, 94 in the organelles, 46 in the macromolecular complexes and 39 in the membranes. In summary, the GO function analysis of the differentially expressed LysAc proteins in response to flooding in K. candel leaves showed that the majority of these proteins were enzymes participating in diverse pathways. Tree Physiology Online at http://www.treephys.oxfordjournals.org This observation suggests that proteins/enzymes in metabolic pathways are preferred targets of LysAc in K. candel leaves in response to flooding.
To determine which metabolic pathways are preferred targets among the differentially expressed LysAc proteins, KEGG pathway enrichment analysis was performed. The differentially expressed LysAc proteome of K. candel in response to flooding were highly enriched in the metabolic pathways including carbon metabolism (TCA cycle, starch and glycogen metabolism, and fatty acid metabolism), carbon fixation in photosynthesis and biosynthesis of amino acids (Figure 3) . Therefore, these data indicate that LysAc plays important roles in carbon metabolism, energy generation and balancing in floodingresponsive K. candel leaves.
Changes in growth rate, ATP and acetyl-CoA contents and key enzyme activities in carbon metabolism of floodingresponsive K. candel leaves Kandelia candel seedlings experiencing 6-h flooding did not exhibit significant changes in growth rate as compared to the control plants (see Figure S1 available as Supplementary Data at Tree Physiology Online). However, 260 differentially Lys-acetylated proteins were detected in the flooding-responsive leaves, of which the proteins involved in carbon metabolism energy generation and balancing accounted for 25.4% (see Table S7 available as Supplementary Data at Tree Physiology Online). Therefore, several physiological and biochemical measurements of carbon metabolism were carried out to understand the physiological adaptation in flooding-responsive K. candel leaves. Compared with the control plants, the ATP content of flooding-responsive K. candel leaves was decreased by 9.7% after flooding for 6 h ( Figure 4A ) and acetyl-CoA content was significantly decreased ( Figure 4B) . Similarly, the activities of some key enzymes in the TCA cycles, PDH, CS, ICDH, OGDH and MDH, were either unchanged or decreased in response to flooding (Figure 4C-G) . Furthermore, the activities of GAPDH and ADH of glycolysis in flooding-responsive K. candel leaves were markedly increased ( Figure 4H and I) . In contrast, the activity of LDH was significantly decreased in response to flooding ( Figure 4J ). The activity of 6PGDH in the PPP was increased twofold in response to flooding ( Figure 4K ). These results indicate a shift from aerobic to anaerobic respiration during flooding. , accounting for 79.3% of that in control plants) in response to flooding (Figure 4L ), but the concentrations of chlorophyll a, chlorophyll b, ratio of chlorophyll a/chlorophyll b, total chlorophyll and F v /F m remained unchanged ( Figure 4M-Q) . The Φ PSII was slightly decreased by 11.6% in response to flooding, but showing insignificant difference to control ( Figure 4R ). The activities of both Rubisco and RCA in flooding-responsive K. candel leaves were drastically decreased to 79.3% and 72.7% of that in the control K. candel leaves, respectively ( Figure 4S and T).
RT-qPCR analysis for differentially Lys-acetylated proteins in flooding-responsive K. candel leaves
The mRNA expression levels of 24 differential proteins in carbon metabolism and photosynthesis were examined ( Figure 5 ). In the TCA cycle, the mRNA expression levels of OGDH, ICDH, PDH and MDH were significantly decreased in response to flooding, whereas CS, fumarase (FUM) and succinic dehydrogenase (SDH) were not obviously changed between the control and the flooded samples. In glycolysis and fermentation, the relative mRNA expressions of phosphofructokinase (PFK), GAPDH, enolase isoform 1 (ENO1), pyruvate kinase (PK), pyruvate decarboxylase (PDC) and ADH were notably increased in flooding-responsive K. candel leaves, but the relative expressions of other genes such as phosphoglycerokinase (PGK), phosphoglyceromutase (PGM) and phosphoenolpyruvate carboxylase (PEPC) remained unchanged or decreased in response to flooding. Additionally, the transcriptional level of 6PGDH Tree Physiology Online at http://www.treephys.oxfordjournals.org participating in the PPP was significantly increased. In the photosynthetic pathway, the mRNA expression of RCA1 was increased markedly, but the relative expression of PS2FP remained unchanged in response to flooding. Finally, the relative mRNA expression levels of AT and ATPase were significantly increased in flooding-responsive leaves. Again, at the mRNA level, there seems to be a shift from aerobic to anaerobic respiration in response to flooding.
Discussion
A number of proteins related to stress responses were found by the investigation of the global proteome in K. candel leaves , Weng et al. 2013 . So far, investigations of proteome-wide PTMs in response to stresses have not been reported in any mangrove plant. Protein LysAc has been shown to play important roles in diverse biological processes 
enzymes like PDH (C), CS (D), ICDH (E), OGDH (F), MDH (G), GAPDH (H), ADH (I), LDH (J), 6PGDH (K), chlorophyll a (M), chlorophyll b (N), ratio (O), total chlorophyll (P), RCA (S)
and Rubisco (T) from five biological replicates (n = 5). Pn (L), F v /F m (Q) and Φ PSII (R) were measured and presented as means ± SD from six biological replicates (n = 6). An asterisk above the bars indicates a significant difference vs Control at P < 0.05. Control: without flooding; Flooding: with flooding for 6 h; acetyl-CoA: acetyl-coenzyme A; PDH: pyruvate dehydrogenase; CS: citrate synthase; ICDH: isocitrate dehydrogenase; OGDH: 2-oxoglutarate dehydrogenase; MDH: malate dehydrogenase; GAPDH: glyceraldehyde 3-phosphate dehydrogenase; ADH: alcohol dehydrogenase; LDH: lactate dehydrogenase; 6PGDH: 6-phosphogluconate dehydrogenase; Rubisco: ribulose bisphosphate carboxylase/oxygenase activase; RCA: Rubisco activase; Pn: net photosynthetic rate; F v /F m : maximal photochemical efficiency; Φ PSII : actual photochemical efficiency.
Tree Physiology Volume 38, 2018 Figure 5 . RT-qPCR analysis of Kandelia candel leaves in response to flooding. Twenty-four genes involved in various biological processes were selected for RT-qPCR analysis. The values were presented as standard deviation from three biological replicates (n = 3). An asterisk above the bars indicates a significant difference vs Control at P < 0.05. Control: without flooding; Flooding: with flooding for 6 h; CS: citrate synthase; OGDH: dihydrolipoamide succinyltransferase component of 2-oxoglutarate dehydrogenase; ICDH: isocitrate dehydrogenase; PDH: pyruvate dehydrogenase; ACO: aconitase; FUM: fumarase 1 isoform 1; SDH: succinate dehydrogenase; MDH: malate dehydrogenase; PFK: phosphofructokinase; PFK/FBPase: fructose-6-phosphate 2-kinase/fructose-2,6-bisphosphatase; PGK: phosphoglycerate kinase; GAPDH: glyceraldehyde 3-phosphate dehydrogenase; PGM: 2,3-bisphosphoglycerate-independent phosphoglycerate mutase; ENO1: enolase isoform 1; PK: pyruvate kinase; PDC: pyruvate decarboxylase 2; ADH: alcohol dehydrogenase; LDH: D-lactate dehydrogenase; PEPC: phosphoenolpyruvate carboxylase; 6PGDH: 6-phosphogluconate dehydrogenase; ATPase: ATP synthase; RCA1: ribulose bisphosphate carboxylase/oxygenase activase 1; PS2FP: photosystem II family protein; AT: acetyltransferase-related family protein.
Tree Physiology Online at http://www.treephys.oxfordjournals.org including gene expression, stress response, photosynthesis and carbohydrate metabolism in plants (Finkemeier et al. 2011 , Wu et al. 2011 , Xing and Poirier 2012 , Grabsztunowicz et al. 2017 . In this study, the differential LysAc was analyzed as part of the investigation to identify flooding-responsive mechanisms in K. candel.
Characteristics of LysAc proteins in K. candel leaves
A total of 1041 LysAc sites, 1021 acetylated peptides and 617 proteins were identified in K. candel leaves (see Tables S3-S5 available as Supplementary Data at Tree Physiology Online). These values were in agreement with previous reports in other plants (Fang et al. 2015 , Xiong et al. 2016 , however, the number of LysAc sites and Lys-acetylated proteins in K. candel was at least 10-fold and 6-fold greater than those found in Arabidopsis Lys-acetylome (Finkemeier et al. 2011 , Wu et al. 2011 , respectively. LysAc plays an important role in fine-tuning the regulation of carbon flux and energy supply (Wang et al. 2010) . In this study, the functions of all LysAc proteins identified in K. candel leaves were categorized into 19 groups associated with basic physiological and biochemical metabolism based on COG class annotation. The two largest groups were carbohydrate metabolism and energy production and conversion, of which the proteins were mostly involved in glycolysis, TCA cycle, PPP and photosynthesis, indicating that LysAc proteins regulate carbohydrate metabolism and energy production in K. candel leaves. The Lys-acetylome analyses of strawberry leaves and Cyanobacterium Synechocystis sp. PCC 6803 reveal the vital role of protein LysAc in photosynthesis regulation (Fang et al. 2015 , Mo et al. 2015 . The Lysacetylome in rice seedlings demonstrates how LysAc functions in carbon metabolism and photosynthesis pathways (Xiong et al. 2016) . Here, we found that all the LysAc proteins identified in K. candel leaves were largely involved in carbohydrate and energy metabolism as well as photosynthesis pathways.
The position-specific sequence motifs surrounding LysAc sites were identified in both eukaryotes and prokaryotes (Zhang et al. 2009 , Okanishi et al. 2013 , Xiong et al. 2016 . The analysis of the conserved sequence motifs around the LysAc sites in all the identified Lys-acetylated peptides using Motif-X revealed six conserved motifs in K. candel leaves (Table 1) , presenting K and E upstream (−5 or −1 position) of LysAc sites as well as K and R downstream (+5 or +1 position) of LysAc sites. Lysine (K) was detected both upstream and downstream of LysAc sites, suggesting that K was the most conserved amino acid residue in the LysAc proteins. This result is inconsistent with the findings by Xiong et al. (2016) who reported that phenylalanine was the most conserved amino acid surrounding LysAc sites in rice.
Furthermore, the amino acid residue K was excluded from the −1 position of the LysAc sites in rice seeds (He et al. 2016) . In soybean seed, however, K was shown to exist in the +1 and −1 position of LysAc sites (Smith-Hammond et al. 2014) . In rice suspension cells and seeds, R and E were identified to be in the +1 and −1 positions of the LysAc sites, respectively (Nallamilli et al. 2014 , He et al. 2016 , which was consistent with our findings. The new acetylated motif (KxxxxK) in K. candel leaves was identified by comparison with previous findings in B. distachyon leaves (Zhen et al. 2016) , rice suspension cells and seeds (Nallamilli et al. 2014 , He et al. 2016 , Cyanobacterium Synechocystis sp. PCC 6803 (Mo et al. 2015) and grape (MeloBraga et al. 2012) , and will provide additional LysAc sites for future studies in plants. Therefore, K, R and E around Lys sites may be landmarks of potential LysAc in K. candel leaves.
Differential LysAc proteins in response to flooding
We have identified 260 Lys-acetylated proteins in K. candel that showed differential levels of acetylation in response to flooding. Among these proteins, 71 were involved in carbon metabolism (including glycolysis, TCA cycle, PPP) and photosynthesis. This finding indicates that protein LysAc plays a vital role in the regulation of carbon metabolism and photosynthesis for combating flooding conditions in K. candel. Among the 260 LysAc proteins, there are three times more proteins with increased than with decreased LysAc levels. Our results also showed that both LysAc level and mRNA relative expression of AT (ID: CL5021Contig1), which could catalyze the acetylation reaction of lysine residues, were upregulated in response to flooding (Table 2 and Figure 5 ). In Salmonella enterica Typhimurium, the transcriptional level of acetyltransferase is down-regulated and the LysAc level is decreased under acid stress (Ren et al. 2015) . In mammalian cells, histone acetyltransferase (hMOF) is required for the LysAc of histone H4 (Taipale et al. 2005) , meaning that hMOF can acetylate H4 to modify chromatin structure. In Escherichia coli, protein LysAc increases resistance to heat and oxidative stresses (Ma and Wood 2011) . In Saccharomyces cerevisiae, lysine acetyltransferase complex NuA4 is required to improve resistance to glucose deprivation stress, and decreased acetyl-CoA levels also can enhance this stress resistance (Rollins et al. 2017) . Acetyl-CoA functions as an acetyl donor for protein acetylation reactions by acetyltransferases in cells (Cai et al. 2011) . In the present study, the down-regulation of acetyl-CoA levels indicated that more acetyl-CoAs might be used in acetylation reactions to enhance flooding resistance resulting in decreased acetyl-CoA levels in flooding-responsive K. candel leaves. Therefore, the up-regulation of transcriptional levels of AT and consumption of acetyl-CoA could increase LysAc levels of Lysacetylated proteins in flooding-responsive K. candel leaves to contribute to the survival of the species under flooding conditions via the regulation of carbon metabolism and photosynthesis. However, there is no instance where the LysAc levels of AT have been directly related to AT activity, which needs further study.
Lys-acetylated proteins involved in carbon metabolism
Increasing evidences show that protein LysAc plays important roles in the regulation of carbon metabolism (Finkemeier et al. 2011 , Wu et al. 2011 , Fang et al. 2015 , Xiong et al. 2016 . A balanced carbon metabolism among glycolysis, TCA cycle and PPP is essential for an adequate energy supply to plant cells. Tricarboxylic acid cycle is the most important carbon metabolism pathway in energy supply. The mitochondrial pyruvate dehydrogenase complex (PyDC) commits pyruvate to the aerobic respiration of TCA cycle. The plant PyDC complex consists of PDH, dihydrolipoamide dehydrogenase and dihydrolipoyl transacetylase (Zhen et al. 2016) . Increasing LysAc of PDHA1, a subunit of PDH, contributes to inhibitory regulation of PyDC in human cells (Fan et al. 2014) . Similarly, we found that increasing PDH LysAc in flooded K. candel leaves slightly decreased the enzyme activity (Table 2 and Figure 4C ). Acetylation as a means of regulating the enzyme activities in TCA cycle is known in other organisms, for example, LysAc enhances the activity of ICDH in S. enterica and MDH1 in animal 3T3-L1 preadipocytes (Wang et al. 2010 , Kim et al. 2012 . LysAc also can inhibit enzyme activity, as in the case of CS in animal cells (Cui et al. 2017 ). In C. glutamicum, several critical lysine residues in OGDH are susceptible to acetylation, but the effect on enzyme activity was not demonstrated (Mizuno et al. 2016) . These enzymes in TCA cycle were also found to be Lys-acetylated in K. candel (Table 2 ) but the degrees of LysAc and the enzyme activities in response to flooding differ among them. Both the level of LysAc and the activity of ICDH and MDH remain unchanged after flooding (Table 2 and Figure 4E and G). In contrast, the activity of CS decreased with an unaltered LysAc level and the activity of OGDH remained the same with the increased LysAc levels in response to flooding (Table 2 and Figure 4D and F). Therefore, different enzymes in the TCA cycle may be acetylated to different degrees and the effect of acetylation may inhibit or enhance the activity of a particular enzyme. Similar to previous reports (Arismendi et al. 2015 , we found an inconsistence among transcript levels, protein LysAc level and enzyme activity in TCA enzymes in flooding responses. This observation suggests that, in response to flooding, post-transcriptional regulations and post-translational mechanisms other than LysAc may also occur to regulate these enzymes. The most telling results come from the measuring of key metabolite levels in response to flooding, which showed an overall decrease of the acetyl-CoA level in flooded K. candel leaves ( Figure 4B ). This decrease may be the result of the decreased mRNA level and the enzyme activity of PDH, the enzyme that channels acetyl-CoA and pyruvate into TCA cycle (Figures 4 and 5) . Although a decrease in acetyl-CoA level suggested a decrease in energy supply, the overall ATP level was not affected significantly in response to flooding ( Figure 4A ). Importantly, this finding is in stark contrast to the observation of energy deficiency in flooded terrestrial species (Lee et al. 2009 ), which lack K. candel's ability to tolerate flooding. Therefore, we suggest that K. candel is able to use alternative respiratory pathways to supplement energy to enhance flooding tolerance.
As an important enzyme in glycolysis, GAPDH catalyzes the formation of 1,3-bisphosphoglyceric acid and NADH. Increased GAPDH acetylation leads to increased activity in glycolysis in bacteria (Wang et al. 2010) . Consistently, flooding increased the LysAc level and enzyme activity of GAPDH in K. candel leaves (Table 2 and Figure 4H ). In Arabidopsis and rice, anaerobic stress leads to an increase in mRNA level and enzyme activity of ADH (Kato-Noguchi 2006 , Loreti et al. 2016 . Similar results were found in flooding-responsive K. candel leaves (Figures 4I and 5) . We also found that the increased ADH activity correlated to less LysAc of the enzyme. These results imply that the flooded K. candel leaves could supplement energy through alcohol fermentation with increase in the mRNA level and enzyme activity of ADH and decrease in LDH level (Figures 4 and 5) .
As the second key enzyme of the PPP in the cytosol, 6PGDH catalyzes the conversion of 6-phosphogluconolactone to ribose-5-phosphate, reduces NADP + to NADPH and regulates the flux of carbon . The activity of 6PGDH is upregulated with increased LysAc at K76 and K294 to promote human cell growth . In the present study, the LysAc level of 6PGDH was decreased at K327 (Table 2 ), but its activity was up-regulated by flooding in K. candel leaves ( Figure 4K ). The different findings may be due to different LysAc sites and different species, but whether the activity of 6PGDH is negatively regulated by LysAc in K. candel leaves needs more experiments to verify. The 6GPDH mRNA level also increased steadily under flooding conditions, suggesting that PPP might play a vital role in response to flooding by up-regulation of 6PGDH, which could lead to accumulation of NADPH and energy supplement. It has been reported that eight different ATPases are acetylated in B. distachyon seedlings (Zhen et al. 2016 ). In our data, four ATPases (ID: CL326.Contig1_All, CL9412Contig1, CL9063Contig1, CL12893Contig1) were identified to be differentially acetylated between control and flooded K. candel leaves at K91, K198, K186 and K204, respectively (Table 2) . In parallel, the mRNA expression levels of these four ATPase genes were increased due to flooding (Figure 5 ), suggesting that K. candel leaves required additional energy support during flooding. Consistently, ATP content in the flooding leaves was similar to that in the control samples. These results indicated that ATPase could play a vital role in maintaining ATP supply in flooding-responsive K. candel leaves.
Lys-acetylated proteins involved in photosynthesis
Unlike those plants whose photosynthesis abilities decrease drastically under flooding conditions (Ahmed et al. 2002 , Ojeda et al. 2004 , Polacik and Maricle 2013 , K. candel maintained nearly normal levels of photosynthesis judged by the minimal decrease of Pn (Figure 4L ), unchanged concentrations of chlorophyll a, chlorophyll b, ratio of chlorophyll a/chlorophyll b, total chlorophyll, F v /F m and Φ PSII ( Figure 4M-R) , and PS2FP mRNA level ( Figure 5 ). The Lys-acetylated proteins of PSII oxygen-evolving complex protein 2 (ID: Unigene21491_All), PS2FP (ID:
Tree Physiology Online at http://www.treephys.oxfordjournals.org Unigene12569_All), PSI P700 chlorophyll a apoprotein A1 (ID: CL1137Contig1) and PSI subunit VII (ID: CL6004. Contig1_All) were found to be up-regulated in response to flooding ( Table 2 ), indicating that LysAc could contribute to the robust light reaction of photosynthesis in K. candel under flooding conditions.
Rubisco is the rate-limiting enzyme of carbon fixation in photosynthesis, and its activity is negatively affected by LysAc (Finkemeier et al. 2011 , Wu et al. 2011 . It was further shown that LysAc of the Rubisco large subunit (RbcL) negatively regulates Rubisco activity, resulting in a decrement of carbon fixation efficiency in plants (Gao et al. 2016) . Consistently, we found that the LysAc levels of two RbcL (ID: Unigene4942_All) were upregulated in flooding-responsive K. candel leaves (Table 2) , and the activity of Rubisco was decreased, indicating that the downregulation of Rubisco activity was due to the up-regulated LysAc level of RbcL. It is commonly believed that RCA prevents the decline in the activity of Rubisco to enhance photosynthetic rate (Deridder and Salvucci 2007, Boex-Fontvieille et al. 2014) . The LysAc of RCA has an effect on overall Rubisco activity (Finkemeier et al. 2011) . In this study, the LysAc level of RCA1 (ID: CL4965. Contig1_All) was significantly up-regulated (Table 2 ) and the activity of RCA ( Figure 4S ) was decreased in response to flooding, suggesting that LysAc of RCA inhibited RCA activity and caused the decrease in Rubisco activity. Paradoxically, the mRNA expression level of RCA1 in K. candel leaves was markedly increased under flooding conditions ( Figure 5 ). It has been reported that RCA mRNA expression levels decrease both in ozone-stressed Pinus halepensis and in heat-stressed cotton, leading to significantly decreased Rubisco activity (Pelloux et al. 2001, Deridder and Salvucci 2007) . The mangrove K. candel, being adapted to flooding, may respond by up-regulating RCA1 mRNA levels to compensate for its decreased activity due to LysAc. This notion is supported by the relatively high levels of Rubisco activity observed under flooding (accounting for 79.7% of that in the control plants, Figure 4T ).
Conclusions
The involvement of post-translational modification by acetylation in K. candel's adaption to daily flooding was investigated in this study. Six conserved sequence motifs including a new motif KxxxxK were identified in the Lys-acetylated (non-redundant) peptides in K. candel leaves. We found that 25.4% differentially Lys-acetylated proteins identified were enriched in carbon metabolism and photosynthesis pathways in response to flooding. Most of these results were further confirmed by the physiological parameters and mRNA expression levels analyses. Our data suggest that by rebalancing pathways including TCA cycle, alcohol fermentation and PPP, as well as maintaining a relatively high level of photosynthesis, K. candel is able to acquire stable energy supply during daily flooding. Protein LysAc found in carbon metabolism and photosynthetic enzymes may contribute to the rebalancing of the metabolic pathways.
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